Thermal stress development in blood vessels, during processes associated with vitrification (vitreous means glassy in Latin), is studied. This paper addresses the limiting case where the specimen completely crystallizes, while the cryoprotectant medium (CPA) completely vitrifies. This case is expected to provide upper boundary estimates for stresses for the more common problem of a partially vitrified sample. The CPA is modeled as a linear viscoelastic medium, with viscosity increasing exponentially with decreasing temperature; given the assumption of complete crystallization, the blood vessel is modeled as linear elastic below the freezing temperature. Consistent with previous observations, the CPA is found to behave linear elastically below a set-temperature, at which point the viscosity rises sufficiently quickly with further cooling. This observation reduces computational efforts and allows for parametric studies based on suitably chosen wholly elastic models. Both 2D concentric cylinder models of the blood vessel in a straight configuration and a 3D model of the vessel curled in a vial of CPA are studied; 2D models are shown to bound the results of the more general 3D problem. It is found that stress in the CPA decreases with increase in CPA volume, at least under conditions where the temperature can be viewed as uniform. Planar cracks are predicted to form transverse to the vessel axis, and to propagate right up to the blood vessel wall. Should such cracks propagate into the vessel, even over only a few m, the mechanical damage to the lumen, or to endothelial cells, may cause the blood vessel to completely loose its functionality at the end of the cryopreservation protocol.
Introduction
In the present era of arterial replacement, at least 345,000-485,000 autologous coronary grafts [1, 2] (either arteries or veins) and over 200,000 autogenous vein grafts into peripheral arteries are performed each year [3] . A recent marketing report indicated that at least 300,000 coronary artery bypass procedures are performed annually in the USA, involving in excess of 1 million vascular grafts [4] . Many of these patients do not have autologous veins suitable for grafts due to pre-existing vascular disease, vein stripping, or use in prior vascular procedures. It has been estimated that as many as 30% of the patients who require arterial bypass procedures will have saphenous veins unsuitable for use in vascular reconstruction [5] .
In recent years, an increasing and sometimes urgent need has emerged for alternative blood vessel substitutes, when autologous blood vessels are not available and in circumstances where synthetic graft materials are usually unsatisfactory. Tissue engineered blood vessels (TEBV) offer potential alternative vascular grafts for autologous transplantation. However, the long culture period required for vessel construction represents a potential limitation for use of this technology (typically, 8-10 weeks). If engineered vessels could be constructed ahead of their anticipated clinical need and stored for later use, the clinical utility of this new technology might be greatly enhanced. TEBV may provide an alternative approach for the estimated 30% of patients requiring arterial bypass procedures for whom no suitable autologous graft materials are available. Tissue engineering technology is believed to have the potential to produce the "next generation" of biological grafts for use in both vascular and cardiac surgery.
Since the advent of transplantation science, cryopreservation has been recognized as a highly desirable method for facilitating availability of the highest quality material. This goal has been achieved in some cellular systems, but extrapolation to organized tissues and organs is fraught with additional problems that have only recently been addressed. Application of the principles of cryobiology to the growing needs of the emerging tissue engineering field -with TEBV as an example -has emphasized the need for greater understanding of the fundamentals of low temperature preservation as they apply to three-dimensional multi-cellular tissues. An understanding of the thermo-mechanical stresses inherent to cryopreservation of complex biological systems is crucial for the development of improved methods of storage. This important aspect of cryobiology has thus far received little attention, whereas the basic tools necessary for the study of these fundamental problems have not been available. The current study represents another step in an ongoing effort to analyze and quantify thermal stress effects in cryopreservation, with application to blood vessel storage.
Classical cryopreservation using low concentrations of cryoprotectants (CPAs) has been shown to conserve many important properties of vascular allografts. However, the techniques developed for freezing vascular allografts are not reliable. Fractures have been observed in cryopreserved arteries [6, 7] . Nataf et al. [8] found that the contractile responses of both cryopreserved sheep carotid arteries and human internal mammary arteries were abolished. Studies on the endothelial and smooth muscle function in canine internal mammary arteries, using an eight-step protocol, demonstrated that smooth muscle functions were poorly preserved after cooling below −12 • C [9] . Similar observations have been made in the recent studies of human arteries. Cryopreserved human internal mammary arteries and femoral arteries had both poorly preserved smooth muscle functions and endothelial functions [10, 11] . Freeze substitution of cryopreserved blood vessels demonstrates high levels of extracellular ice formation [12, 13] . There have been several hypotheses on mechanisms of freezing-induced injury based upon a variety of factors [14, 15] , but it has been suggested that the disadvantages of traditional cryopreservation revolve primarily around ice formation [16, 17] .
Vitrification (glass formation) is an alternative to conventional freezing of biological materials with ubiquitous applications in cell, tissue, and organ storage. Here, the effect of increased viscosity of the cryoprotectant with decreasing temperature is utilized with the application of high cooling rates. If the typical time scale to form crystals exceeds the typical time scale of cooling to cryogenic temperatures, the cryoprotectant solution may reach an "arrested liquid state" known as glass. No appreciable degradation occurs over time in living matter trapped within a vitreous matrix, and vitrification is potentially applicable to all biological systems. However, vitrification is associated with higher concentration of cryoprotectants, which are potentially very toxic, and cryoprotective cocktails are currently studied by various research groups to overcome this obstacle. Other difficulties with vitrification are known to be associated with uniform loading of the tissue with the cryoprotectant solution; these difficulties are more relevant to bulky specimens, and are related to scale up studies of vitrification.
Modeling of stress and relevance of current study
The current study is part of a long-term effort to develop engineering tools for predicting the propensity for cracking to occur in contemplated cryopreservation protocols. Predictions of cracking rely on calculations of mechanical stress, which is dependent upon a host of factors, including the cooling and warming protocols, the geometry of the specimen, the geometry of the surrounding CPA, and on the physical properties of the specimen and CPA. The properties of the specimen are further coupled with the properties of the pure CPA through the amount of CPA that permeates into the tissue. The concentration of the permeated CPA plays a key role in determining the tendency of the specimen-CPA system to vitrify, crystallize, or a combination thereof.
In contrast to the approach typical of biology studies, the common engineering approach attempts to identify, and possibly isolate, the key mechanisms dominating the phenomenon. Once identified, each mechanism is investigated independently, often with the goal of developing a mathematical model to predict its effect. As appropriate, models for multiple mechanisms may be combined into a more comprehensive model. Stresses during cryopreservation can be attributed to two distinct mechanisms associated with thermal expansion: temperature gradients, brought about by high cooling and/or warming rates, in a domain with homogeneous thermal expansion coefficient, and differences in thermal expansion coefficient between tissues and pure CPA at uniform temperature. The current paper addresses the second effect, which produces stresses regardless of the cooling rate; thus, the effect of cooling rate does not emerge from this study. As shown in previous work with CPA vitrifying on substrates and in vials [18] [19] [20] , the change in viscosity plays a significant role. Stresses due to thermal expansion difference between CPA and the substrate or vial only begin to rise at temperatures approaching glass transition, when the viscosity is very high. These stresses can rise because the plate or vial themselves are solid and stiff throughout the cooling protocol.
By analogy with the case of CPA and a substrate, stresses can arise due to difference in thermal expansion between CPA and a blood vessel, particularly when the blood vessel crystallizes; such stresses are addressed in the current paper. In particular, the current study explores the special case in which the blood vessel fully crystallizes, while the CPA vitrifies. Cryomacroscopy studies of blood vessels cooled in a vial of CPA, indeed, found a range of intermediate cooling rates at which the CPA vitrifies and the blood vessel crystallizes. That range is associated with either lower concentration of CPA, or with slower cooling rate. Furthermore, the actual degree of crystallization in tissues varies in practice, likely spanning the range from full vitrification to a high degree of crystallization; the greater the extent of crystallization in the tissue, the more accurate will be predictions of stress given here. The predictions of stress in the current study arguably provide upper limits to the expected stress due to this mechanism for two major reasons: the fully crystallized material will behave as a solid for a greater portion of the cooling protocol, as compared with vitrified material, and literature data [21] [22] [23] indicates that the thermal expansion mismatch between fully crystallized tissue and CPA is significantly greater than the mismatch between vitrified tissue and CPA.
Direct comparison of predictions of the current work with existing experimental studies is not possible, although, perhaps, the most closely related work is the empirical study of the effect of cooling and warming protocols on fracture formation in the rabbit common carotid artery [7] . In that study, however, the constraining effect of the specimen holder on the specimen response during cooling is uncertain and could be overwhelming. In addition, possible temperature gradients in that study introduce another mechanism of stress generation, which is set aside in the current study. By contrast, the analyses to be conducted in this paper treat the artery and cryoprotectant as externally unconstrained.
Mathematical formulation
In this section, the geometry of the mathematical problem is described first, and the material model and properties are addressed next. Two basic cases of stress development during cooling are presented in this study: a straight long blood vessel (Fig. 1) , and a curved blood vessel placed in a storage vial and covered with cryoprotectant (Fig. 2) . The case of a long straight blood vessel is modeled as an axisymmetric concentric cylinder, permeated with CPA, and subject to three possible scenarios: the internal space is filled with CPA ( Fig. 1(b) ), only a film of CPA covers its internal wall ( Fig. 1(c) ), and the blood vessel is filled with CPA and immersed in a larger cylindrical domain of the same CPA ( Fig. 1(d) ). The blood vessel is assumed to have an inner radius, R 1 , of 2 mm, an outer radius, R 2 , of 3 mm, and a length of 50 mm. The same radii are assumed for the curved blood vessel case in the vial (Fig. 2) , where the CPA is now assumed to be a cylindrical domain, having a height of 7 mm and a radius of 12.5 mm; this 3D domain corresponds to a 15 ml vial filled to 3.4 ml, which includes the CPA and the blood vessel [18] . The centerline of the curved blood vessel forms a 270 • arc of a radius of 7.5 mm, and the blood vessel is centered about the center of cylindrical domain. The various geometries depicted in Fig. 1 (b-d) approximate achievable scenarios, such as described in the various exper- imental conditions in [7] . In all cases, the analysis models a thermo-mechanical stress problem with a constant cooling rate applied to the outer surface of the domain. The domain is assumed to be free of external forces, and a condition of continuity in displacement (no slip) is assumed at the interface between the blood vessel and the CPA.
As described above, a limiting case of solidification is assumed in this study, where the blood vessel completely crystallizes; this represents the limit of partial crystallization in which stresses would be highest. The surrounding and contained CPA are assumed to vitrify perfectly. (Another extreme case, where the blood vessel completely vitrifies is being currently investigated.) The focus in this study is on the influence of differences in properties of the crystallized blood vessel and the vitrified CPA on stresses. Accordingly, a low cooling rate is considered; the resulting temperatures are essentially uniform, reducing any stresses associated with spatial variations in thermal strain (which requires a separate study). Vitrification of the CPA is justified if the cooling rate is initially rapid down to a sufficiently low temperature to avoid crystallization, with a relatively low cooling rate thereafter. In the extreme scenario envisioned here, the prevailing cooling rates and the kinetics are presumed insufficient to prevent crystallization in the blood vessel [24] , but sufficient to promote vitrification in the pure CPA, where nucleation sources are absence, and the concentration is unaffected by the pre-existence of biological solutions. In particular, a cooling rate of 1 • C/min was assumed to prevail. Detailed analysis of temperature distributions using typical thermal properties revealed that the maximum temperature variation (for all geometries considered) does not exceed 1 • C. Therefore, all calculations of stresses are based on the assumption of a spatially uniform distribution of temperature.
Consistent with the assumption that the blood vessel fully crystallizes, its mechanical response is modeled as linear elastic. This is further simplified to be isotropic, with an elastic modulus E BV and Poisson's ratio ν BV . Since the properties of the frozen material are not known, it is not worthwhile to include anisotropy which may be present in the blood vessel. With decreasing temperature, the vitrifying CPA transitions from a liquid to a solid-like material. As suggested previously [19] , the CPA is modeled as a simple viscoelastic fluid, with the viscosity taken to be an exponential function with decreasing temperature [25] . In uniaxial tension, the viscoelastic law takes the form:
whereε is the strain-rate, σ the stress, E CPA the CPA Young's modulus, η the shear viscosity, and β CPA is the coefficient of thermal expansion of the CPA. This model describes the total strain-rate as a linear superposition of (from left to right in Eq. (1)) the elastic strain-rate, the viscous (or creep) strain-rate, and the thermal strain-rate [26] . The uniaxial stress-strain behavior is generalized to multi-axial stresses assuming an isotropic response, including Poisson ratio ν CPA .
While making an effort to keep the study as broad as possible, the material properties selected in this study correspond to DMSO, which is a well studied CPA, and is the key ingredient in many CPA cocktails. More specifically, a concentration of 7.05 M DMSO is selected as a reference, which has shown to have similar physical properties to those of the CPA cocktails DP6 and VS55 [21] . The 7.05 M DMSO solution is considered very toxic, where the objective in developing CPA cocktails is reducing toxicity effects [12] . Nevertheless, the conclusions presented in the current study are very general, and the discussion below emphasizes the generality of the current findings.
The representative material properties used in this study are listed in Table 1 . The thermal expansion of the CPA and the crystallized blood vessels are adopted from [22, 23] . The Poisson ratios are typical of brittle materials [27] and the elastic moduli are typical of organic materials [28] ; all are taken to be independent of temperature. The authors are unaware of measurements of these elastic properties at cryogenic temperatures. The impact of the ratio of E BV /E CPA is further discussed below.
The viscosity of DMSO at various molar concentrations has been measured in the temperature range of 20 • C to −45 • C with falling ball viscometry [25] ; the authors are unaware of viscosity measurements of DMSO at lower temperatures. The viscosity of DMSO in the temperature range of interest (in the vicinity of the glass transition temperature, T g ) is orders of magnitude higher than that in the range of available experimental data [25] . While T g is commonly measured with differential calorimetry techniques (DSC), an alternative definition of glass transition is the temperature at which the viscosity reaches a value of 10 12 Pa s (10 13 Poise). In the absence of viscosity data at low temperatures, the following functional behavior is assumed in the current study [25] :
Parameters b = 8.607 K and T 0 = −162.1 • C are selected to best-fit the available experimental data at higher temperatures [20] , and glass transition temperature was taken to be −132 • C, measured with DSC for DMSO [21] .
Calculations were performed with the general purpose finite element program, ANSYS 8.1. For the baseline axisymmetric geometry (Fig. 1) , 800 eight-noded axi-symmetric elements of type Plane183 were used to model the stresses in the CPA, and 400 elements of the same type were used to model the blood vessel. Symmetry conditions were applied to model only the upper half of the blood vessel and the CPA domain. The mesh was adapted as appropriate for the other axi-symmetric configurations. In the 3D case, Fig. 2 , the finite element model consisted of 9837 twenty-noded SOLID186 brick elements. As explained below, some of the calculations were performed with both the blood vessel and the CPA taken to be purely elastic.
In calculations that account for the viscous deformation, special steps were taken to accommodate the variation in viscosity over many orders of magnitude within the simulated temperature range. During initial cooling from room temperature, when the viscosity is low, impractically small time steps would be required to ensure stability of simulation (on the order of 10 −10 s). Likewise, the viscosity function well below glass transition is clearly incorrect. To overcome these problems, a piecewise viscosity function is assumed, where the viscosity is represented by Eq. (2) in the temperature range from −112 • C to −141 • C, corresponding to the viscosity values from 3 × 10 5 Pa s to 10 20 Pa s, respectively; the viscosity remains constant at a value of 3 × 10 5 Pa s at higher temperatures, and constant at a value of 10 20 Pa s at lower temperatures. This simplification leads to higher predicted stress at high temperatures; however, the stress level at these temperatures is orders of magnitude lower than the stress level believed to be associated with cracking. At low temperatures on the other hand, the viscosity value is so high that the material response is virtually elastic; the effect of limiting the viscosity value to 10 20 Pa s is, therefore, negligible.
Results and discussion
At high temperatures, well above T g , stresses are negligible everywhere, when compared with the strength of the material. Differences in thermal expansion are accommodated by viscous flow in the CPA, which readily occurs when the viscosity is low. As the viscosity rises, the stresses rise. Fig. 3 displays results for the baseline case ( Fig. 1(b) ), where the stresses at the center of the CPA domain, and midway across the blood vessel wall (0.5 mm from either surfaces), are plotted as functions of temperature. The stresses continue to change essentially linearly with temperature below temperatures shown in the plot. Slight deviations from linearity are associated with very small changes in the thermal expansion coefficients. As has been noted recently in other situations featuring the cooling of vitrifying materials [19, 20] , stresses are negligible down to a "set-temperature"; below this temperature, cooling increases stress as could be expected from a linear elastic material. The set-temperature is defined as the temperature reached by linear extrapolation from the stress curve at lower temperatures to zero stress. It can be seen from Fig. 3 that the set-temperature differs by several degrees between the different stress components. As shown in [20] , at the set temperature the CPA response is midway through the transition from being viscously dominated to being elastically dominated. The stresses in the CPA were found to be essentially uniform over most of the blood vessel length. As expected, within approximately 3 mm from the free ends of the blood vessel (less than 10% of its length), stresses start to fall below 90% of the maximum values presented in Fig. 3 , towards a zero stress value at the free ends of the blood vessel (where zero force conditions are imposed).
The variation of the three stress components of the baseline case, as a function of the radial position at the central transverse plane, is shown in Fig. 4 . The axial stress is the greatest stress in the CPA, where it is uniform. Below the settemperature, the general pattern of stresses can be closely approximated from an analysis of two bonded elastic cylinders, with the inner cylinder (CPA) contracting more than the outer (blood vessel). The blood vessel attempts to resist the greater axial and inward contractions of the CPA, resulting in axial, radial and circumferential tension in the CPA. Corresponding stresses are induced in the blood vessel, including axial and circumferential compression; the radial stress in the blood vessel is tensile, but must reach zero at its outer wall, where no external forces are applied. One expects that tensile rather than compressive stresses will be more harmful at low temperatures, where the material is likely to be brittle and crack in tension. Thus, since the greatest tensile stress in the CPA is axial, one expects planar cracks to form perpendicularly to the vessel axis, and to propagate up to the vessel wall. The blood vessel is threatened by radial tensile stresses that would tend to cause cracks running axially, and also by the cracks that might occur due to axial stresses in the CPA which could extend into the blood vessel wall.
From experiments and analysis of vitrified droplets of CPA [20] , cracking was inferred to occur in DMSO when the maximum tensile stress reached a value of 3.2 MPa. This stress level is assumed to be representative of the strength of the CPA in the current study, since both analyses assume the elastic modulus of the CPA to be 1 GPa, and all other assumptions regarding the material response are the same. The stresses continue to increase essentially linearly with decreasing temperature below the temperatures plotted. Based on linear extrapolation, the stress in the CPA will reach the critical value of 3.2 MPa at a temperature of −152.8 • C. At this temperature, the CPA is predicted to crack. Note that a higher (or lower) value for the elastic modulus would have raised (or lowered) both the inferred critical stress found in [20] , based on experimental observations, and the stresses predicted here; so the cracking temperature predicted here of −152.8 • C is essentially independent of the elastic moduli, assuming they are equal. Further, note that the prediction does depend on the thermal expansion coefficients of blood vessel and CPA, on the variation of viscosity with temperature and on the relative inner to outer radius of the blood vessel. The effects of variations in any of those parameters could be determined and are highlighted below.
After having considered the basic case of the geometry presented in Fig. 1(b) and equal elastic moduli, we turn to study the dependence of stresses on the relative magnitudes of the elastic moduli of the CPA and the blood vessel, and on the geometry in the cases depicted in Fig. 1(c) and (d) .
To clarify the general picture of this dependence, and to simplify the presentation of results, we first show the evolution of the axial stress in the CPA for several representative cases (Fig. 5) . Except for ends of the blood vessel, the axial stress is essentially uniform in each distinct region of CPA. It can be seen that the various cases differ from the baseline case (also reproduced in Fig. 5 ), primarily with respect to the rate at which stresses rise below the set-temperature, and to a lesser extent with respect to the set-temperature itself, that is, the temperature reached when extrapolating the linear part of stress curve to zero stress. Increasing the elastic modulus of the blood vessel by a factor of 10 significantly increases the slope of the stress versus temperature curve below the set-temperature; it also shifts down the set-temperature by approximately 1 • C. The stiffer blood vessel more effectively resists contraction of the CPA, and thereby raises the stress in the CPA. When there is only a thin layer of CPA at the inner wall of the blood vessel (i.e., most of the CPA is drained out, Fig. 1(c) , with R 0 /R 1 = 0.875), the set-temperature is shifted from −124.4 • C in the baseline case down to −128.1 • C. When the layer thickness is small compared to the radius, one expects the thin layer of CPA to give results that are essentially equivalent to a thin film of CPA vitrifying on a flat rigid substrate. Indeed, using the simplified method of calculation from [20] , appropriate to a thin film on a large substrate, a set-temperature of −128.4 • C was computed when the film and substrate had properties equivalent to the CPA and blood vessel, respectively.
For the case of a blood vessel filled with and surrounded by CPA (Fig. 1(d) ), the inner CPA domain initially follows the baseline curve, while stress in the outer CPA domain remains low; at this initial stage, the inner domain responds as if the outer domain is absent. Then, as the temperature decreases, the stress in the outer CPA domain begins to rise with its own set-temperature closer to that of the thin film. Gradually, the slope of the stress with temperature in the inner CPA domain begins to decrease, deviating from the baseline curve; now both inner and outer regions of CPA are contracting elastically, and the blood vessel is less effective in constraining the contraction of this larger CPA domain.
Eventually, the slopes of stress with temperature in the inner and outer CPA domains become the same.
While the set-temperatures are affected modestly by the various effects discussed above, the rate at which stress increases in the elastic regime with decreasing temperature appears to be more significantly affected. One can express the variation in stress below the set-temperature, T set , as follows:
where f is primarily a function of the modulus ratio and the geometry. If the change in thermal expansion coefficient below T set is neglected, one can simplify further:
The variation in stress appears nearly linear at low temperatures since the thermal expansion coefficients are not changing significantly over this range. While one could find the function f from an elastic analysis of the concentric cylinders, the resulting expressions may become very cumbersome for the general case. On the other hand, the result is extremely simple in some special cases, with the example of the baseline case (E BV = E CPA = E) and the geometry in Fig. 1(b) , where the axial stress in the CPA can be expressed as:
and where ν BV = ν CPA = ν. To provide insight into the first order effects of modulus ratio and geometry on the rate at which stresses rise below the set-temperature, the following simplification is henceforth made: both the CPA and the blood vessel are assumed to respond purely elastically (viscous straining neglected), with stresses equal to zero at an initial common temperature of −124.4 • C, which is the set-temperature of the baseline case. Calculations were carried out to determine stresses at the common temperature of −140 • C. With the simplification of neglecting viscous deformation, the stresses would increase nearly linearly with decreasing temperature, with deviations due to the minor changes in (β BV − β CPA ) that occur with temperature. Further inferences regarding the temperature at which cracking would occur neglect these deviations from linearity and differences in the set-temperature value.
Results for the dependence of stress on the modulus ratio of blood vessel to CPA (E BV /E CPA ) in the range of 0.1-10, are presented in Fig. 6 ; the axial stress in the CPA is normalized by the stress found from the baseline case of modulus ratio equal to 1. As could be expected, as the elastic modulus of the blood vessel increases (reflecting increasing stiffness), the blood vessel increases its capability to resist the differential thermal expansion between it and the CPA, resulting in higher stresses in the CPA. Recall that the baseline values of E BV = E CPA = 1 GPa were merely assumed; data on elastic moduli at cryogenic temperatures Fig. 6 . Normalized axial stress as a function of the elastic modulus ratio of the blood vessel, E BV , to CPA, E CPA , for the baseline geometry, Fig. 1(b) ; the stress is normalized by the case of identical elastic moduli in the blood vessel and the CPA. Axial stress is essentially uniform in CPA except near free ends. Also plotted is the shift in cracking temperature relative to the baseline case.
do not exist. Thus, Fig. 6 could be viewed as capturing the effect of uncertainty in elastic properties on the calculated stresses. The effect on the temperature for cracking can be simply estimated as follows, assuming the same cracking stress of 3.2 MPa. The baseline case cracked at −152.8 • C, or 28.4 • C below the set-temperature of −124.4 • C. Corresponding to E BV /E CPA = 0.25, the CPA stress changed by a factor of 0.4 relative to the baseline for the same change in temperature. Hence, the temperature must be decreased by (28.4 • C)/(0.4) = 70.65 • C below the set-temperature to reach the same cracking stress; this implies that cracking would occur at a temperature of −195.1 • C. The shift in cracking temperature relative to the baseline case is also plotted in Fig. 6 . For the limiting case in which the ratio E BV /E CPA goes to infinity, the axial stress in the CPA is found to be
Results depicting the effect of the geometry of the CPA on stress are presented in Fig. 7 . One pair of curves displays the stress relative to the baseline case, and the other pair displays the shift in cracking temperature relative to the baseline case. One pair pertains to the vessel partially containing CPA (Fig. 1(c) ), and the other pertains to the vessel that is filled with CPA and has additional CPA surrounding it ( Fig. 1(d) ). The elastic moduli are now reset to be equal, and all other simplified assumptions made in the context of the case study presented in Fig. 6 remain valid.
In broad terms, it can be seen from Fig. 7 that the stresses in the CPA decrease as the amount of CPA increases, and that additional decrease in temperature is necessary to produce cracking. For example, as the outer layer thickness, R 3 − R 2 , reaches 2 mm, fracture is predicted to occur at a temperature of −203.3 • C, clearly well below the cryogenic temperature Fig. 7 . Normalized axial stress in CPA as a function of geometry, for the cases illustrated in Fig. 1(c) and (d) ; the stress is normalized by the baseline case, Fig. 1(b) . Axial stress is essentially uniform in each distinct region of CPA except near free ends. Also plotted is the shift in cracking temperature relative to the baseline case.
range considered for practical storage. As discussed above, the blood vessel becomes effectively stiffer as the CPA volume decreases, which, in turn, increases the resistance of the blood vessel to CPA contraction. These results suggest that the likelihood of cracking is reduced by vitrifying the blood vessel in a larger volume of CPA, which appears to disagree with the common belief that the smaller the volume is, the less likely cracking is to occur. Of course more significant temperature gradients will also arise with increasing CPA volumes, which may themselves tend to induce stresses. Recall that the prediction of the temperature at which cracking occurs is approximate, as changes in the set-temperature are neglected. As can be seen from Fig. 5 , in the case of a 2 mm thick outer layer of CPA, the set-temperature for the inner CPA is −116.8 • C, which is lower than the presumed settemperature of −124.4 • C used to estimate the temperature decrease in Fig. 7 . Accordingly, the cracking temperature for this case is underestimated by approximately 7 • C. The errors associated with neglecting variations in set-temperature are progressively less for geometries closer to the baseline geometry presented in Fig. 1(b) .
Cracks are predicted to initiate in the CPA, rather than in the blood vessel, where cracking in brittle materials is commonly associated with tensile, rather than compressive stresses. Since the axial stress is uniform in the radial direction, cracks are expected to traverse the interior and/or exterior CPA region up to the interface between the CPA and the blood vessel wall. It is very difficult to predict the further propagation of such a crack once it appears in the CPA. It seems unlikely that it would propagate out radially across the vessel, since the axial stress is compressive in the vessel. However, while the fracture mechanics is quite complex, it is not difficult to imagine a case in which the crack propagates at least a few m, into the blood vessel wall before it is arrested. Furthermore, the blood vessel wall itself is likely to have surface roughness of a similar magnitude. Propagation of such a short crack into the blood vessel wall may be enough to irreversibly damage the endothelial cells, or the lumen, dramatically affecting the post-thawing functionality of the blood vessel. While the current discussion cannot quantify the extent of the latter effect, its potential presence suggests how vulnerable the blood vessel maybe to cracks originating in the CPA domain.
Clearly, the detailed patterns of stresses are expected to be more complex in the general 3D case, with Fig. 2 as an example of a more practical geometry [19] . Consistent with the approach used to generate the results shown in Figs. 6 and 7, the 3D problem was analyzed with both the blood vessel and the CPA treated as linear elastic, starting at an assumed common set-temperature, with equal elastic moduli, and relevant properties listed in Table 1 . Fig. 8 presents a contour plot of the maximum principal stress on the plane parallel to the base of the vial, cutting through the centerline of the blood vessel. It can be seen from Fig. 8 that the stress is approximately uniform within much of the interior CPA domain, except near the free ends. This maximum principal stress is essentially the tensile stress in the direction parallel to the blood vessel axis (the shear stresses are relatively small). Despite the curving of the blood vessel and the more complex shape of the surrounding CPA domain, the same general mechanism of stress development is observed, as discussed above for the axi-symmetric problems. That is, to ensure strain continuity at the interface between the blood vessel and the CPA, stresses must arise to compensate for the differences in their thermal contractions.
The maximum tensile stress in the CPA of the 3D model is 43% of the maximum CPA tensile stress in the baseline concentric cylinder model, Fig. 1(b) ; both maximum stresses act along the vessel axis. This comparison of stress is consis-tent with the following analysis. The upper and lower bases of the CPA domain in the 3D model are 0.5 mm away from the blood vessel, while the cylindrical surface of the CPA domain is 2 mm away from the blood vessel (and additional CPA is present at the inner part of the domain). Thus, one may consider comparing the stresses in the 3D case with a concentric cylinder model featuring surrounding CPA in a thickness range of 0.5-2 mm, as illustrated in Fig. 1(d) . The latter two extreme cases give stress ratios of 74% and 36%, respectively, relative to the baseline case, Fig. 1(b) ; these values bound the stress value of 43% in the 3D case. The precise stresses in the 3D model would obviously vary in an even more complex way if the blood vessel would not be perfectly circular and symmetrically oriented and positioned in the domain. Nevertheless, this comparison demonstrates that the general level of stresses in the CPA for a 3D geometry can be approximately predicted, or bounded, from a simplified concentric cylindrical model, at least once the CPA responds elastically below the set-temperature. This observation can be efficiently used in future analysis, in efforts to optimize cryopreservation applications.
Summary and conclusions
The current study focuses on analysis of thermal stress development in blood vessels, in processes associated with vitrification. More specifically, the current study has the goal of shedding light on the case of a partially vitrified specimen in a completely vitrifying medium. As an initial attempt to investigate this problem, an extreme case is analyzed, in which the specimen completely crystallizes, while the medium completely vitrifies. This scenario is expected to produce an upper bound to stresses in a partially vitrified sample. It is the anticipation of the authors of this paper that the current analysis will assist in experimental design in future studies.
Two basic cases of stress development are presented in this study: a straight long blood vessel, analyzed as a 2D axi-symmetric problem, and a curved blood vessel placed in a storage vial, analyzed as a full 3D problem. The 2D case is further studied with respect to variations in the volume of CPA contained in the blood vessel, surrounding the blood vessel, and variations in the elastic moduli of the blood vessel and CPA.
Results of this study are consistent with a previous observation that, in a vitrifying material, a set-temperature exists, below which the material behaves linear elastically at any practical time scale. Once established, this observation has a dramatic effect in reducing computation efforts, while generating credible results of stress development at low temperatures. This study demonstrates how computation can be further reduced, where results from a set of simpler 2D problems can be applied to bound the results of the more realistic 3D problem.
Results of this study indicate that the stress in the CPA is primarily tensile, while stress in the blood vessel is primarily compressive. It is the tensile stress that is known to be associated with fracture formation in brittle materials. In particular, the maximum tensile stress in the CPA acts in the axial direction and is uniform over the cross-section. Such stresses are consistent with cracks traversing the CPA up to the interface with the blood vessel. Such fractures could propagate into the blood vessel wall, at least on the small scale of a few m. If such mechanical damage occurs at the lumen, or to endothelial cells, it can cause the blood vessel to completely lose its functionality at the end of the cryopreservation protocol. Contrary to common belief, it is found from this study that the stress in the CPA decreases with increasing CPA volume, as long as the assumption of uniform temperature distribution is valid. With lower stresses, there is greater likelihood of bringing the tissue to storage temperatures without fracture occurring in the CPA and threatening the blood vessel.
